Summary 1) Development and fall of tension during depolarization in the bullfrog atrial muscle were studied using a double gap voltage clamp arrangement. 2) Phasic and tonic tension developments and the following decay were noticed in the tension produced by depolarizing pulse of different durations and amplitudes. The phasic component appeared in response to a short-lasting pulse (0.1-0.2 sec), and reached a peak tension at around 73 mV depolarization, being depressed for stronger pulses. La (1 mM) and Mn ions (5 mM) eliminated the component. 3) Tonic contraction was generated by long-lasting depolarization. The development of tension was not affected by these ions, but increased in strength and duration of depolarizing pulse up to 170 mV and 1.0 sec. 4) When a depolarizing pulse was sustained, the tonic tension decayed gradually after the peak. The tension decay was composed of three different phases, initial retardation, relatively rapid relaxation and extremely slow final relaxation. 5) The rapid relaxation phase appeared exponential with time when an excess tension above provisional final tension (sustained tension) was plotted, but the time constant increased with strength of depolarization. 6) Logarithm of the final tension appeared proportional to the membrane depolarization in between 20 to 100 mV. Under the simultaneous presence of La (1 mM) and caffeine (10 mM) the tension decay during depolarization was abolished resulting in a marked elevation of the final tension. 7) The final tension under normal conditions was considered to be equilibrium tension between the tonic tension and relaxing components, and thus, at least three components, the phasic and tonic tensions and a relaxing factor, appeared to control muscle contraction during depola-
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In various mammalian heart muscle a biphasic contraction, an initial twitch followed by a tonic tension development in response to long-lasting depolarization, has been elucidated with voltage clamp studies (MCGUIGAN, 1968; FOZZARD and HELLAM, 1968; BEELER and REUTER, 1970; GIBBONS and FOZZARD, 1971; OCHI and TRAUTWEIN, 1971; OHBA, 1973) . The contractile response to long depolarization of moderate intensity is a twitch with full relaxation, while strong depolarization induces a second tonic contraction which is sustained for the whole duration of depolarization. OCHI and TRAUTWEIN (1971) and recently TRITTHART et al. (1973) noticed that the initial twitch tension is composed of two elements, one related to a Ca inward current, as first elucidated by REUTER and BEELER (1969) , and the other, to membrane depolarization or active Na inward current.
In amphibian myocardium, in which distinct ultrastructures, different from those in mammalia were shown (STALEY and BENSON, 1968; SOMMER and JOHNSON, 1969) , MORAD and ORKAND (1971) observed that contraction of frog ventricular muscle in response to depolarization is solely due to a tonic mechanism which is controlled by the membrane potential. In the atrial muscle, however, tension elicited by depolarizing pulse has been found to be composed of two elements (VASSORT and ROUGIER, 1972; LEOTY and REYMOND, 1972; EINWACHTER et al., 1972) , one phasic component depending on the Ca inward current and the other tonic one unclarified in nature.
The present experiment aims at a further clarification of the nature of these tension components in bullfrog atrial muscle, and a more detailed analysis of the time-course of tension development and fall during depolarization. The results obtained indicate a presence of phasic, tonic and final tension components, suggesting the operation of three mechanisms which control muscle tension.
METHODS
Muscle bundles, 4-5 mm long, 0.3 mm thick and 1.5 mm wide were isolated from the bullfrog atrium, and the epicardium as well as connective and fat tissues were eliminated. The chamber in which the preparation was mounted (Fig. 1 ) was a modification of that used originally by ROUGIER et al. (1969) , and consisted of five Lucite compartments (1, 2, 3, 4, 5) separated by four diaphragms with holes in the center. Two of the diaphragms between the central (3) and terminal compartments (1) were composed of each three close fitting, slotted plates and utilized for the fixation of the preparation. The other two were rubber membranes and the rest of muscle bundle was pulled through the tightly closed holes and connected to the sensitive arm of a strain gauge (Nihon Kohden SB-1T) for tension measurement in the other terminal compartment (5). Compartments 
RESULTS
Two components of tension development of the bullfrog atrial muscle in response to depolarization
Voltage-tension relationships in the atrial muscle were studied with rectangular depolarizing pulses of differing intensity and duration. More than 20 series out of 32 experiments were successful. Figure 2 shows an example of typical records in which the holding potential (original gap potential) was -75 mV. When a short pulse duration of 0.15 sec was used ( Fig. 2A) , most of tension developed after the pulse, accompanying a tail of active inward current. The maximum rate of rise of tension increased and the time to peak tension from the onset of pulse decreased with amplitude of depolarization. The decrease in the time to peak was partly due to a shortening of latency of the active current. When the pulse duration was increased to 0.5 sec (Fig. 2B ) the tail of active inward current diminished, but the peak tension appeared still delayed after the pulse.
The rate of rise of tension increased with depolarization.
The time to peak ten- When longer pulses of 1.0 sec were used, the peak tensions were augmented further and often appeared with a step in the rising phase. The time to peak tension of about 0.6 sec for weak depolarizations below 70 mV suddenly shifted to a markedly larger value of about 1.1 sec for stronger depolarizations (Fig. 4A ) . In these cases, the augmentation of tension was produced generally with a constant initial rate of rise but with an inhibition in the rate of fall from the first peak or further with an addition of increasing tension toward the end of depolarization. These observations, especially a sudden shift of the peak from the first to the second, strongly suggest that two components exist in the tension development for long and strong depolarization.
The evidences of two tension components were also obtained by examining the voltage-peak tension relationship. Figure 3A shows the data in which step pulses up to 170 mV depolarization of three different durations, 0.2, 0.4, and 1.0 sec were applied. The holding potential was -70 mV throughout. In each series , amplitude of depolarization up to 170 mV but with a step at around 110 mV in the relationship. The tension, however, gradually saturated or rather decreased toward the 210 mV depolarization examined in other preparations. These voltage-tension relationships were simplified by an application of La (1 mM) which blocked the fast as well as slow active inward currents in this excess concentration. The effects in details will be reported in another paper (in preparation), but the voltage dependency of tension under the action of La is illustrated in Fig. 3 for comparison. As shown by the broken line, La abolished the contractile responses for shorter pulses, but generally did not affect the responses for longer ones. The contractile tension under the action of La increased with depolarization and when plotted against the voltage, produced an upperward convex curve without inducing the step mentioned. Similar data were also obtained with Mn (5 mM) as observed by ROUGIER (1972) and and REYMOND (1972) on the frog myocardium.
Tension fall during long-lasting depolarization in the bullfrog ventricle (GOTO et al., 1971 , Fig. 7 ) and in the atrium during depolarization with the voltage clamp (EINWACHTER et al., 1972) , though the decays are small in grade. In order to examine the time-course of tension development and decay in more detail, first the voltage-tension relationships at different time points after step depolarizations of different intensity were plotted as shown in Fig. 5 . Up to 0.50 sec after depolarization, when the first phasic tension component was dominant, upperward convex curves were obtained (Fig. 5A) , while a short time later a gradual shift from the convex to concave curves occurred mainly due to the appearance of the second tonic tension which added more tension for stronger depolarization. In the following periods, the first phasic and then the second tonic tension components decayed gradually with time (Fig. 5B) . A mean values of three series of experiments with long depolarizing pulses were plotted. A) Tension development before 0.75 sec; B) tension decay thereafter. Numbers in the right side of curves denote the time in sec analysed. Holding potentials were -67, -68, and -72 mV but their differences were neglected.
Next, the time-course of tension decay was analysed. Since the tension fall after cessation of depolarization was known to be composed of a few exponential curves (GOTO et al., 1971 (GOTO et al., , 1972 , similar analysis was made by plotting the logarithm of total tension against time after the onset of depolarization, but this resulted in complicated relationships. However, when a logarithm of excess tension (TO above provisional final tension (Tf, a sustained tension at the end of 4.0 sec depolarization. See the next section) was plotted against time, the relationships became simpler and comparable to those of tension fall after repolarization. Figure 6A shows one of the relationships obtained from a typical experiment in which the holding potential was -73 mV and step pulses of 8-77 mV depolari- 
and hence, Fig. 6A ). However, no abrupt change in the time constant between the tension falls from the fast and slow peaks was noticed as far as the rapid relaxation phase was concerned.
Provisional final tension and the dependency on the membrane potential Final tensions at different membrane potential levels were difficult to determine, since the tension of normal atrial muscle, after showing a peak, continued to decay extremely slowly during sustained depolarization up to 70 seconds observed. Principal tension decay during sustained depolarization, however, occurred in a few seconds, and the rate of excess tension decay decreased exponentially with time as noted (Eq. 2). Thus, even in case of 70 mV depolarization, the excess tension (Te) became less than 2 percent of the maximal tension (T ,n) at the end of 4.0 sec depolarization. Therefore, taking the tonic tension at the end of pulse (see Fig. 9 ) as a provisional final tension (T f) , relationship between Tf and the membrane potential was studied.
In the lowest curve of Fig. 5B , the tension 4.0 sec after depolarization increased gradually with increasing strength of depolarization. However, when the logarithm of tension was plotted against membrane potential, the relationship became more linear. Figure 6B shows the plots of data from three different preparations. A linear relationship was observable for voltages lower than 90 mV depolarization (almost plateau potential level), but a considerable downward deviation occurred for stronger voltages. The deviation is not due to an increasing differences between the provisional and true final tensions in this potential range, since the difference would produce an upperward deviation. The cause of deviation is unknown at present, however, the relationship exactly corresponds to the data in our former report concerning the dependency of the final tension after repolarization on the membrane potential level (GOTO et al., 1972) .
Tonic tension component during depolarization
Time-course of the tonic tension development was analysed under simultaneous presence of tetrodotoxin (10-8 mg/ml) and Mn (5 mM) or caffeine (10 mM) and La (1 mM). Figure 7A shows the typical records obtained 15 min after application of the former drugs, in which the holding potential was -65 mV and step pulses of 1.0 sec duration and differing intensity were given. For depolarizations above mechanical threshold, which was markedly elevated, developing tension rose gradually to reach a final value without accompanying active inward currents. The tonic tension, however, appeared closely related to an initiation of delayed outward current, as first denoted by LEOTY and REYMOND (1972) , but the details are not analysed in this paper. As can be seen, caffeine markedly increased the phasic and sustained tension components. A relaxation of tension during the long-lasting depolarization, however, occurred with increased time constants. La (1 mm), which is high enough in concentration to block the active sodium and calcium inward currents (Goto et al., unpublished observation) , on the other hand, depressed the phasic tension almost completely while the sustained tension was unaffected.
Under the simultaneous action of La and caffeine, the sustained tension rose markedly and no sign of relaxation occurred during the depolarization. The situation was the same even when the duration of pulse increased up to 30 sec (the figure is not shown). These data again suggest that the tonic tension component is independent and different from the phasic component, and further that the sustained final tension level is determined by at least two factors, voltage dependence and the other independent but caffeine sensitive. According to HAG1WARA et al. (1968) the time course of tension rise in the barnacle muscle can be described as two exponential components. Similar analysis was made on the tonic tension development. Figure 7B shows the data obtained 15 min after the application of tetrodotoxin and Mn. The tension (T at a given time t after the onset of depolarization increased with time until it reached a final value (see inset), and since more than 95 % of the final tension was attained in a few sec after depolarization, the tension at the end of 4.0 sec depolarization was used as a provisional final tension (T f) as before. Thus, when Tf-Tt was plotted on a logarithmic scale against t, the plots after 0.4 sec appeared on a straight line. Similar exponential relationships were obtained under the action of La and caffeine. These exponential components are denoted as, 
DISCUSSION
The time-course of tension development and decay during depolarization was analysed in the bullfrog atrial muscle, and the results shown in the first section were in general agreement with the earlier findings that the tension during depolarization consists of at least two components, one phasic due to Ca inward current and the other tonic, unknown in nature (VASSORT and ROUGIER, 1972; and REYMOND, 1972; EINWACHTER et al., 1972) . The abolition of the phasic contraction for shorter pulse by La and Mn ions, and the voltage dependency, in which the peak tension was attained at about 73 mV being depressed for stronger depolarization, reconfirm this view. Concerning the nature of the second tonic tension component, two possibilities, 1) Ca-influx across the cell membrane and 2) a release of Ca from intracellular store sites have been suggested. As for the first possibility, however, simple diffusion mechanism of Ca ions along their electrochemical gradient is unlikely (MORAD and ORKAND, 1971 ; EINWACHTER et al., 1972; NEW and TRAUTWEIN, 1972b) especially since it failed to explain the tension development at or above the Ca equilibrium potential of about +45 mV (BASSINGTHWAIGHTE and REUTER, 1972) to +120 mV (EINWACHTER et al., 1972) . This was also the case in our observation. A carrier mediated transport theory, which was first proposed by LUTTGAU and NIEDERGERKE (1958) and NIEDERGERKE (1963a,b) , is attractive as a possible mechanism to overcome the difficulty. Based on theory and flux experiments, SEITZ (1968) and suggested the presence of a Na-Ca exchange transport system, and HAAS et al. (1970) and EINWACHTER et al. (1972) , an electrogenic Ca transport system in the myocardial cell membrane. The problems, either of which mechanism is more plausible, are beyond present scope, however, the observations of the voltage dependency of the tonic tension, the appearance of the tension over 200 mV depolarization, and the dependency of the tension on external Na and Ca ions (unpublished observations), strongly support an existence of some carrier mediated Ca transport across the membrane.
The second possibility of a release of Ca from intracellular sites, however, could not be totally denied. In the frog myocardium, the rudimentary sarcoplasmic reticulum (SR) is located closely attached to the cell membrane (STALEY and BENSON, 1968; SOMMER and JOHNSON, 1969) . Therefore, in case when this membrane area attached to SR is somehow different from others and the resistance is low or decrease during excitation, a depolarization of the surface cell membrane would be ready to cause some potential change in the SR membrane to induce a release of Ca (BASSINGTHWAIGHTE and REUTER, 1972) . The situation could be similar to the case of the transverse tubule-SR junction in the skeletal muscle. Our next paper (in preparation), being concerned again with the nature of the tonic tension component, will provide further discussion.
During sustained depolarization, however, a considerably rapid tension fall was noticed in this report, and hence the second tonic tension component ap- relating to Ca-movement across the membrane) and the relaxing function due to the SR which is presumed to be less dependent or independent on the voltage. In our preceding report (GoTo et al., 1972) it was shown that tension fall after termination of rectangular depolarization composed of a few different phases in which the first two main components were exponential. Tension fall "during" depolarization was considered not to be simple because of the simultaneous presence of the tonic tension and relaxing factor as well as some tail effect of the phasic tension. However, when the excess tension (Te) above the provisional final tension (T f) during depolarization was plotted against time after the peak, it was found that the fall of excess tension appeared exponential with time ( Fig. 6A ) and became similar in characteristics to the tension fall after repolarization to various membrane potentials. In other words, the Eq. 1, shows a more generalized form of the Eq. 1 in our preceding report (GOTO et al., 1972) and simply means that the excess tension decays exponentially to the final tension which is determined by the membrane potential notwithstanding the case of sustained depolarization or after repolarization. TA: first phasic, TB: second tonic and Tc: sustained tension components. Tm: maximal tension for a given depolarization, Tf: provisional final tension, and Te: excess tension above the provisional final tension. Further explanations are in text.
Since the total tension (Ttotal)naturally is a sum of the excess and final tensions, it will be shown, and hence, (4) In this equation, the first term may correspond to the phasic tension component with relaxation of tension, and the second term, to the tonic tension component without relaxation as schematically illustrated in Fig. 9 . The latter component was proved to exist in the frog atrium under action of Mn, D600 (VASSORT and ROUGIER, 1972; LEOTY and RAYMOND, 1972) 
